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ABSTRACT 

The l a r g e s t  v o l c a n i c  e r u p t i o n s  s i n c e  AD 1 8 0 0  c o r r e l a t e  w i t h  p e r i o d s  

o f  enhanced s e i s m i c i t y ,  changes i n  t h e  e a r t h ' s  s p i n  ra te ,  and t h e  

Chandler  wobble. Furthermore,  a marked i n c r e a s e  i n  t h e  number of 

major e r u p t i o n s  a p p a r e n t l y  occurred  d u r i n g  t h e  Maunder Sunspot  Mini- 

mum (1645-1715) a t  a t i m e  when g loba l  t empera tu res  w e r e  dep res sed .  

S o l a r  a c t i v i t y  might  t r i g g e r  volcanism through so la r - induced  c l imate  

change which could  lead t o  v a r i a t i o n s  i n  g l o b a l  s p i n  r a t e  and hence t o  

i n c r e a s e d  c r u s t a l  stresses and seismic and v o l c a n i c  p o t e n t i a l .  Such 

solar  a c t i v i t y  may be modulated by p l a n e t a r y  t i d a l  effects  which 

might  a d d i t i o n a l l y  lead t o  enhanced c r u s t a l  stress through d i rec t  i n -  

f l u e n c e  on t h e  e a r t h ' s  a x i a l  tilt, wobble and ra te  of r o t a t i o n .  



. .  

. 
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Volcall ic d u s t  v e i l s  have o f t e n  been s u g g e s t e d  a s  a c a u s e  

of  p e r i o d s  of g l o b a l  c o o l i n g .  While it h a s  now been confirmed 

t h a t  some major  h i s t o r i c  vo lcan ic  e r u p t i o n s  have  been fo l lowed  

by 0 .2OC t o  0 .5OC d e c r e a s e s  i n  g l o b a l  o r  hemisphe r i c  mean t e r n -  

- p e r a t u r e ,  several s t u d i e s  have demonst ra ted  t h a t  v o l c a n i c a l l y  

induced c o o l i n g  usual l -y  l a s t s  f o r  less  t h a n  5 y e a r s .  l f 2  

f o r e ,  even l a r g e  e x p l o s i v e  v o l c a n i c  e r u p t i o n s  seem u n l i k e l y  t o  

There- 

cause c o o l i n g  t r e n d s  of  decadal  o r  l o n g e r  l e n g t h .  I n  a r e c e n t  

s t u d y r 3  w e  have found t h a t  many l a r g e  e x p l o s i v e  e r u p t i o n s  have 

been a s s o c i a t e d  w i t h  such  long-term c o o l i n g ,  b u t  t h a t ,  w i t h i n  

t h e  l i m i t s  of d a t i n g ,  t h e  cool i i ig  Lrends, o f t e n  began before t h e  

e x p l o s i v e  e r u p t i o n s .  I t  is t h u s  p o s s i b l e  t h a t  r a p i d  c l i m a t i c  

c o o l i n g  may i n  some way t r i g g e r  vo lcanic  e r u p t i o n s ,  or a l t e r n a -  

t i v e l y  t h a t  such c o o l i n g s  and v o l c a n i c  e r u p t i o n s  may be linked! 

th rough commn c a u s a l  mechanisms. We have t h e r e f o r e  plxssued 

t h e  q u e s t i o n  f u r t h e r  to,  exp lo re  t h e  p o s s i b l e  connec t ions  between 

v o l c a n i c  a c t i v i t y  and c l i m a t e ,  and t o  s e a r c h  f o r  common under- 

l y i n g  causes of t h e  two phenomena. 

S e v e r a l  workers have noted a n  a p p a r e n t  c o r r e l a t i o n  between 

ear th  t i d a l  stress and se ismic  and v o l c a n i c  a c t i v i t y .  4-6 

and o t h e r s 7  have four,d a s i g n i f i c a n t  c o r r e l a t i o n  between e a r t h  

Roosen 

t j -da l  stresses and n o r t h e r n  hemisphere t e m p e r a t u r e s .  They 

s u g g e s t  t h a t  v a r i a t i o n s  i n  t i d a l  stresses on the  e a r t h  caused  

by t h e  Sun and Moon t r i g g e r  v o l c a n i c  e r u p t i o n s .  Changes i n  

s t r d t o s p h e r i c  d u s t  1oadir:y are proposccl t o  causc t h c  r e l a t e d  

d c c r e a s c s  i n  surface t empera tures .  
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'Larnbeck and Cazenavc' f i n d  a f u r t h e r  c o r r e l a t i o n  between 

c l ima te  cnanges  and length-of -day  ( g l o b a l  s p i n  r a t e ) ,  and 

b e l i e v e  t h a t  t h e s e  t w o  f a c t o r s  have  a c o m m G n  o r i g i n  - i n c r e a s e d  

s e i s m i c i t y  and f r equency  of v o l c a n i c  e r u p t i o n s .  I n  t h e i r  

s u g g e s t e d  s c e n a r i o ,  i n c r e a s e d  v o l c a n i c  a c t i v i t y  l e a d s  t o  

c l i m a t i c  changes  which ! in  t u r n  c a u s e  f l u c t u a t i o n s  i n  g l o b a l  

s p i n  ra te .  The i n c r e a s e d  e a r t h q u a k e  a c t i v i t y  associated w i t h  

t h e  v o l c a n i c i t y  f u r t h e r  c o n t r i b u t e s  t o  t h e  changes  i n  s p i n  ra te .  

However, as n o t e d  above,  r e c e n t  s t u d i e s  have  shown t h a t  

it i s  u n l i k e l y  t h a t  v o l c a n i c  p e r t u r b a t i o n s  of t h e  aerosol  l a y e r  

can  d i r e c t l y  cause climatic c o o l i n g  o f  d e c a d a l  or longer  lcr lgt l i ,  

and t h a t  many p a s t  c o o l i n g  t r e n d s  a c t u a l l y  began p r i o r  t o  ldryc 

v o l c a n i c  e r u p t i o n s .  Fur thermore ,  t h e s e  c o o l i n g  t r e n d s  o f t e n  

c o i n c i d e d  w i t h  changes  i n  t h e  geomagnet ic  fie1.d '-I1, and/or 

changes i n  so la r  a c t i v i t y l r i 2  which have  been c i t e d  as possib.1.e 

c a u s c s  for t h e  c o o i i n q s .  

1 

Lartllseck and Cazcnave' note t h a t  t h e i r  " m e t e o r o l o g i c a l  

e x c i t a t i o n  f u n c t i o n "  l a y s  behind s p i n - r a t e  changes  by a b o u t  1 5  
c 

y e a r s ,  and f u r t h e r  t h a t  cnanges i n  mean g l o b a l  s u r f a c e  tempera-  

t u r e  l a y  beh ind  s p i n - r a t e  changes hy a b o u t  1 0  years. Thus ,  it 

i s  d i f f i c u l t  t o  see how t h e  c l i m a t o l o y i c  p a r a m e t e r s  could b e  

t h e  d i r e c t  c a u s e  o f  t h e  v a r i a t i o n s  i n  g l o b a l  s p i n  r a t e .  S p i n  

ra te  and cli.r;iate cnange may however, be  l i n k e d  t o  a common 

c a u s a l  mechanism. 

Se i s i r i i c - ac t iv i ty  v a r i a t i o n s  are i n  phasc w i t h  changes  i n  

tile e a r t i i t s  rate o f  r o t a t i a n 1 3 ,  and t i - re refore  a case can  i3c: m a d e  

f o r  sugq-cstj.nij t.1ia.t chancjes i n  s p i n  rat .e  a f f e c t  seism.ic a c t i v i t y  
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i n  c r u s t a l  stress, pe rhaps ,  could l e a d  e v e n t u a l l y  t o  i n c r e a s e s  

i n  e x p l o s i v e  volcanism.  

Accordingly,  w e  have p l o t t e d  t h e  l a r g e s t  v o l c a n i c  e r u p t i o n s  
1 4  s i n c e  1 8 0 0  a long  w i t h  seismic a c t i v i t y ,  changes i n  g l o b a l  

s p i n  r a t e ,  and t h e  C h a n d l e r w ~ b b l e ~ ~ .  

t i o n  between p e r i o d s  of enhanced s e i s m i c i t y  and v o l c a n i c i t y  b u t  

W e  n o t e  a good correla- 

t h a t  peaks o f  vo lcanic  a c t i v i t y  t e n d  t o  l a g  behind t h e  increases 

i n  seismic a c t i v i t y  by about  1 0  t o  15 y e a r s  ( F i g .  1) . Although 

i n i t i a t i o n  o f  new c y c l e s  i s  s imul taneous ,  t h e  l a g  e f f e c t  i n  

vo lcanism i.s t o  be expec ted  because o f  feedback  due t o  s e l f -  

p e r p e t u a t i n g  c r u s t a l  d i s turbances .  I n  t h i s  way, the vclcaiiiz 

a c t i v i t y  may w e l l  be u l t i m a t e l y  mob i l i zed  by t h e  c r u s t a l  s t resses  

r e s u l t i n g  from changes i n  p l a n e t a r y  r o t a t i o n  r a t e  and tilt. 

Other  c a u s a l  r e l a t i o n s h i p s  are obse rved .  I t  has  a l r e a d y  

been sugges t ed  t h a t  such i n c r e a s e s  i n  v o l c a n i c  a c t i v i t y  and 

s e i s m i c i t y  might b e  lainked t o  v a r i a t i o n s  i n  s o l a r  a c t i v i t y  

lis long ago as 1 9 1 4 ,  KL)ppen17 proposed a c o r r e l a t i o n  between a i r  

t e m p e r a t u r e s ,  s u n s p o t s  and v o l c a n i c  a c t i v i t y .  

.I. 1 c  .? I -IC U 

Simpson’* c o r r e -  

l a t e d  a 1.950-1963 series of e a r t h q u a k e s  w i t h  h igh  s u n s p o t  l e v e l s ,  

b u t  skewed t o  show a 2-3 y e a r  d e l a y .  

t h e  11 and 22-year s o l a r  cyc le s  in the long  t e r m  r e c o r d s  o f  

Azores e a r t h q u a k e s  and proposed a p l a t e - t e c t o n i c  c o u p l i n g .  

Machado’’ r e p o r t e d  b o t h  

I t  has  a l s o  been proposed t h a t  changes i n  g l o b a l  s p i n  ra te  

are  re la tcd  ts s o l a r  a c t i v i t y .  Si3in r a t e  v a r i e s  s e a s o n a l l y  as 

a r e s u l t  of  c1iancjt.s i n  a t i m s p h e r i c  c i r c u l s t i o n .  Bes ides  s imply  

t h e  a tmosphe r i c  wind-f r ic t iOi i  e f f e c t ,  t h e r e  i s  e v i d e n t l y  also a 

8 
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Longer term changes i n  s p i n - r a t e  might  a l so  be a r e s u l t  of 

m e t e o r o l o g i c a l  v a r i a t i o n s  t h a t  are t i e d  t o  changes  i n  s o l a r  

a c t i v i t y  20.  Within  t h e  p e r i o d  of i n s t r u r n e n t a l  o b s e r v a t i o n s ,  

C h a l l i n o r 1 6  showed a s u n s p o t / s p i n  r a t e / e a r t h q u a k e  c o r r e l a t i o n  

f o r  one  so la r  c y c l e .  Anderson13 h a s  ex tended  t h i s  back  t o  

AZ 1803 shswing 2 s t r i k i n c ;  CCrrelatiGn bets:leer, spir! r a t e  

( l e n g t h  of day)  and seismic energy  deve loped  i n  t h e  e a r t h ' s '  

c r u s t  (F ig .  1). I n c r e a s e  i n  t h e  Chandler  wobble f o l l o w i n g  

such  s p i n - r a t e  a c c e l e r a t i o n s  h a s  a l so  been  o b s e r v e d .  

I n  o r d e r  t o  t es t  for  a c o r r e l a t i o n  between long- te rm 

f l u c t u a t i o n s  i n  so l a r  a c t i v i t y ,  vo lcan i sm,  and climate w e  have  

compared, o v e r  a h i s t o r i c a l  p e r i o d  of 4 7 5  y e a r s ,  t h e  p e r i o d i c i t y  

of major r e p o r t e d  e x p l o s i v e  v o l c a n i c  e r u p t i o n s 1 4  w i t h  solar 

a c t i v i t y  ( u s i n g  d e c a d a l  peaks of t h e  Zur i ch  s u n s p o t  numbers and 

e x t e n d i n g  them back t o  AD 1 5 0 0  w i t h  t h e  use o E  t h e  Schove 

a u r o r a l  t r a n s f e r s ) 2 2  , and climate as i n t e r p r e t e d  r'rom the oxygen- 

i s o t o p e  r e c o r d  of t h e  Camp Century,  Greenland  ice  c o r Z 4  ( F i g .  2 ) .  

A good c o r r e l a t i o n  e x i s t s  between t h e  long- te rm smoothing 

o f  t h e  s u n s p o t  c y c l e ,  and Greenland t e m p e r a t u r e s  - w i t h  cool 

t e m p e r a t u r e s  co r re spond ing  t o  long- te rm s u n s p o t  minimal2 .  

n o t e  t h a t  t h e  numbers of r e p o r t e d  volcamic  e r u p t i o n s  show a 

marked i n c r e a s e d  d u r i n g  t h e  Maunder Sunspot  Minimum (1645-1715) , 

i n c l u d i n g  a number of l a r g e  e r u p t i o n s  t h a t  produced s t r a t o s p h e r i c  

d u s t  v e i l s .  T h e  number of r e p o r t e d  vo lca i i i c  e r u p t i o n s  d e c r e a s e d  

c o i n c i d e n t  w i t h  increasing sunspo t  nuraber-s i n  t h e  l a t e  1700's, 

rose a g a i n  wi t h  t h e  low sunspo t  numbers at. around 1 8 0 0 ,  a n d  

t h e n  c o n t i n u e d  t o  r i se  through thc l a t e  1809 ' : ;  ancl 1 9 0 0 ' s .  

W e  
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Within t h e  g e n e r a l  i n c r e a s i n g  t r e n d ,  from t h e  l a t e  1 9 t h  c e n t u r y  

through tne 20th c e n t u r y ,  t h e r e  i s  a d e c r e a s e  i n  r e p o r t e d  vo l -  

c a n i c  e r u p t i o n s  from 11390 t o  abou t  1910, a n o t h e r  s h a r p  d e c r e a s e  

i n  t h e  1 9 2 0 ' ~ ~  w i t h  h i g h  numbers of v o l c a n i c  e r u p t i o n s  a f t e r  

about  1 9 5 0 .  

W e  r ecogn ize  t h a t  t h e r e  a r e  problems i n  u s i n g  t h e  r e c o r d  

of r e p o r t e d  v o l c a n i c  e r u p t i o n s  as a measure of p a s t  g l o b a l  vol- 

c a n i c  i n t e n s i t y .  Many v o l c a n i c  e r u p t i o n s  o c c u r  i n  remote areas 

where r e p o r t i n g  i n  t h e  e a r l y  days may have been e r r a t i c  and/or  

e p i s o d i c .  I t  may b2 argued  t h a t  t h e  g e n e r a l  r i se  i n  t h e  number 

of  r c p c y t c d  e r u p t i o n s  f r o m  AD 1 5 0 0  t o  AD 1 7 0 0  c o i n c i d z s  w i t h  

t h e  perl .od of  European e x p l o r a t i o n  and c o l o n i z a t i o n  o f  yeo- 

g r a p h i c a l l y  remote a r e a s .  The increase i n  r e p o r t e d  e r u p t i o n s  

would t n e r e f o r e  cor respond t o  t h e  i n f l u x  of European o b s e r v e r s  

i n t o  volcaii icaiiy a c t i v e  recjioiis. i n  o r d e r  t o  minimize t h e  

possible r e p o r t i n q  b i a s ,  w e  have p l o t t e d  o n l y  t h e  la i -gest  e rup-  

tions -- c l a s s e s  3 t o  5 of Newhall and S e l f 1 4 .  

e r u p t i o n s  would most l i k e l y  a f f e c t  wide areas,  and b e  no ted  

by even c a s u a l  o b s e r v e r s .  T h e s e  e r u p t i o n s  c e r t a i n l y  c o n t r i b u t e d  

t o  s t r a t o s p h e r i c  a e r o s o l  l oad ing .  

Such e x p l o s i v e  

The rise i n  v o l c a n i c  e r u p t i o n s  from 1 5 0 0  t o  1 7 0 0  shou ld  

n o t  b e  a u t o m a t i c a l l y  a t t r i b u t e d  to  i n c r e a s e d  r e p o r t i n g ,  because  

t h i s  would f a i l  t o  e x p l a i n  tne s i g n i f i c a u t  d e c r e a s e  i n  t h e  nun- 

bers of l a r g e  e r i ip t ior , s  i n  the  1 8 t h  through the e a r l y  1 9 t h  

century. The 1-as t  t w o  decades of  the 1.7th c e n t u r y  were f i v e  

t i m e s  hi.g!ier t h a n  t!mse o f  tlic mi.d--?.8th c e n t u r y .  N o  apl?arcnt  
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h i s t o r i c a l  d e c r e a s e  i n  o b s e r v e r s  o r  breakdown i n  communication 

occur red  d u r i n g  t h i s  p e r i o d .  

The o p p o s i t e ,  however, may b e  t r u e  f o r  t h e  l a t e  1 9 t h  c e n t u r y .  

The g e n e r a l  increase  i n  t h e  numbers of r e p o r t e d  e r u p t i o n s  be- 

g i n n i n g  i n  t h e  1 8 8 0 ' s  ( t r i g g e r e d  e s p e c i a l l y  by t h e  Kralcatau 

e x p e r i e n c e  o f  1883)  i s  l i k e l y  t o  be  i n  p a r t  a r e s u l t  of t h e  

e s t a .b l i shmen t  of more s y s t e m a t i c  s c i e n t i f i c  o b s e r v a t i o n s  on a 

g l o b a l  b a s i s .  N e v e r t h e l e s s ,  t i m e s  of s i g n i f i c a n t l y  l o w e r  num- 

b e r s  of r e p o r t e d  v o l c a n i c  e r u p t i o n s  w i t h i n  t h i s  l a t e r  p e r i o d  

are d i f f i c u l t  t o  e x p l a i n  a s  a r t i f a c t s  of r e p o r t i n g  b i a s .  I t  i s  

n o t a b l e  t h a t  t h e s e  p e r i o d s  o f  d e c r e a s e d  r e p o r t i n g  of t h e  l a r y e s t  

v o l c a n i c  e r u p t i o n s  i n  t h e  2 0 t h  c e n t u r y  do n o t  co r re spond  t o  

t h e  decades  of World War I (1910-1920) or World War I1 ( 1 9 4 0 -  

1 9 5 0 ) ,  when a d rop  i n  r e p o r t i n g  might  b e  expec ted  . 26 

A s  no ted  above, c a u s a l  l i n k s  be tween  s e i s m i c  and volcanic 

a c t i v i t y  on o n e  hand, and v a r j a t i o n s  i n  soler  a c t i v i t y ,  g l o b a l  

spir!  r a t e  and t i d a l  stress on  t h e  o t h e r  have been s u g g e s t e d  

b e f o r e .  Long-term changes i n  s o l a r  a c t i v i t y ,  as e x e m p l i f i e d  by 

t h e  e:ivelope of  sunspo t  maxima and minima, have been c o n v i n c i n g l y  

shown t o  have had an e f f e c t  on  g l o b a l  c l i m a t e  on t i m e  scales of 

t e n s  t o  hundreds o f  y e a r s  12,27. 

be modulated by p l a n e t a r y  dynamics 

T h e  long-term s o l a r  c y c l e  may 
2 8 - 3 0  

S e v e r a l  workers have sugges t ed  t h a t  t h e  sun  d i s p l a y s  a 1 7 9  

t o  1 8 0  y e a r  c y c l e  i n  nurnbers o f  s u n s p o t s  and so la r  a c t i v i t y .  

Such a c y c l e  i s  sugges t ed  b y  the p l a n e t a r y  t h e o r y  o f  s u n s p o t s .  

Th i s  p e r i o d  c o i n c i d e s  w i t h  the:. t i m e s  when a l l  of t h e  planets 

come .to be on  the same s i d e  of t h e  s u n  . 29 
J O S E 2 *  o f f c x e d  khc 

v a r i a t i o n s  i n  motion of  % h e  s u n  & o u t  the Gzryccn tc r  (cer;t-er c,f 
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m a s s )  of t h e  so la r  systeni a s  t h e  cause of t h e  c y c l i c  s u n s p o t  

v a r i a t i o n s ,  whereas Cohen and L i n t z 3 1  a t t r i b u t e d  t h e  1 7 9  y e a r  

c y c l e  of s o l a r  v a r i a t i o n s  t o  a b e a t  phenomenon of t h e  11 and 

9 . 8  y e a r  p e r i o d s .  Such a ~ 1 8 0 - y e a r  c y c l e  a l o n g  w i t h  a 360-year 

c y c l e  have been r e p o r t e d  i n  s e v e r a l  c l i m a t e  r e c o r d s  such  as  

o t h e r  i n d i c a t o r s ,  and h a s  been t r a c e d  back i n t o  t h e  g e o l o g i c a l  

34 r e c o r d  . 
A t i m e  p e r i o d  of 178 y e a r s  co r re sponds  t o  16 " s i d e r e a l  

y e a r s "  of t h e  s u n  (moving around t h e  b a r y c e n t e r  of t h e  so la r  
35 s y s t e m ) ,  and l i k e w i s e  t o  15 "sidereal yea r s ' '  of J u p i t e r  ; a t  

t h e s e  i n t e r v a l s  t h e  sun i s  g r a v i t a t i o n a l l y  d isp l -aced  from t h e  

b a r y c e n t e r  by more than  one s o l a r  d i a m e t e r  ; the so la r  " o r b i t "  

around t 1 i i . s  b a r y c e n t e r  h a s  a r a d i u s  t h a t  t h e o r e t i c a l l y  may 

exceed 1.5 m i l l i o n  lcm. Although t h e  t i d e - r a i s i n g  f o r c e  of t h e  

p l a n e t s  o n  t h e  sun i s  l o 5  less t h a n  t h a t  of t h e  sun an the ear t i? ,  

t h e  s o l a r  photosphere  is  v a s t l y  more s u s c e p t i b l e  t o  t h e  r e sonance  

and i n e r t i a l .  e f f e c t s .  I t  i s  such  t i d a l  f o r c e s  which have been 

proposed t o  modulate s o l a r  a c t i v i t y  

28  

30,36 

On a long-term b a s i s ,  i t  seems l i k e l y  t h a t  so l a r  a c t i v i t y  

might  t r i g g e r  vo lcan i sm- th rough  s o l a r - i n d u c e d  c l ima t i c  changes 

which could  l e a d  t o  v a r i a t i o n s  i n  p l a n e t a r y  s p i n  r a t e  and hence 

t o  i n c r e a s e d  c r u s t a l  stress aiid s e i s m i c  and v o l c a n i c  po ten t i - a1  . 
Fur thermore ,  - the changes i n  s o l a r  a c t i v i t y  and i n  t h e  e a r t h ' s  

c r u s t a l  stress may bo th  be independent  r e s u l t s  of common 

p l a n e t a r y  ticla1 p a r a x e t e r s  . T I ~ C  same p1.ai7e t a r y  c o n f i g u r a t i o n s  

4- ll <, '' 1. ,- appear  t:o m o d u l a t e  solc?r n c t . i v i t y  mi.yht: l e ad  t o  v a r i a t i o n s  

37 
i.r, t h e  eart-h's axial tilt ,  wobble, ;?nd/or :<p in  r a t e  I which 



nave climatic c o r r e l a t i o n s .  These v a r i a t i o n s  would I n  t u r n  

lead t o  enhanced c r u s t a l  s tress.  T h e r e f o r e ,  t h e  p l a n e t z r y  

i n f l u e n c e  on c r u s t a l  stress i n  t h e  e a r t h  may come b o t h  f r o m  

so l a r - induced  m e t e o r o l o g i c a l  e f f e c t s  on  s p i n  r a t e  and a x i a l  

tilt38 and through d i r e c t  p l a n e t a r y  t i d a l  e f f e c t s  on t h e  

carth's r o t z t i o n  2nd tilt. 
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F i g u r e  1 Changes i n  r o t a t i o n  ra te  of t h e  e a r t h  ( A w / w ) ,  

Chandler  Wobble am?l i tudes ,  10-year means o f  e a r t h q u a k e  

ene rgy  (Es )  ( a f t e r  Anderson13) ,  and 10-year  rneans of num- 

bers of r e p o r t e d  major v o l c a n i c  e r u p t i o n s  (classes 3 t o  5 

of Newhall and S e l f 1 4 ) .  

t h a t  produced s i g n i f i c a n t  s t r a t o s p h e r i c  a e r o s o l  c o n t r i b u -  

Some major e x p l o s i v e  e r u p t i o n s  

t i o n s  are Labe l l ed .  

F i g u r e  2 (a )  Numbers of r e p o r t e d  major  v o l c a n i c  e r u p t i o n s  

(classes 3 t o  5 of Newhall and S e l f 1 4 ) .  A l s o  p l o t t e d  are  

decades  of greatest  c?us t -ve i l  i n d i c e s  for t h e  n o r t h e r n  

hemisphere  ( a f t e r  L & m b 2 l ) ,  and  time of SZEC major C3estr-c~- 

t i v e  h i s t o r i c a l  ea r thquakes .  (b) Decadal  m a x i m a  of Z . t i r i c ! i  

s u n s p o t  numbers, extended hack b e f o r e  AD 1 6 2 0  u s i n g  r e p o r t e d  

a u r o r a l  o l s e i v a i i o n s  . I i r e s  o f  peak c i u r o r ~ l  zc t iv i  t;.' zre 22  m .  

J 1: ,-.- 
plotted a f L e r  BrayL'. ( c )  Record of d 0  i n  the Cani; C s n t u r y ,  

Greenland i ce  core. 

c a t i n g  g r e a t e r  n o r t h e r n  hemisphere t e n ~ p e r a t u r e s ~ ~ .  

c u r v e s  on g raphs  a ,  b and c a re  p l o t s  of 50-year means. 

( d )  C y c l e s  o f  9 0  y e a r s ,  180 y e a r s ,  and 360  y e a r s .  P r o j e c t e d  

back froin 1 9 8 9 ,  t h e  n e x t  key y e a r  i n  S t a ~ e y ' s ~ ~  "Zero-check 

Low ô  O L 8  v a l u e s  a r e  inferr..d as i n d i -  

S o l i d  

cyc1.e" o f  a l l - - p l a n e t a r y  c o n j u n c t i o n .  T h i s  556-year p e r i o d  

e q u a l s  t h e  p r e c e s s i o n  of t h e  l u n a r  per igee  and t h u s  t h e  

e a r t h ' s  maxivnim p e r i g e e  s p r i n g  t i d e s ;  it e q u a l s  50 t i m e s  

t h e  11.1 year  sunspot c y c l e .  The  l a s t  inajor i n c i d e n c e  of t h e  

a l l - p l a n e t  c y c l e  was AD 1 4 3 3 .  
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